The charge isoforms (C 1 -CS) of bovine myelin basic protein (MBP) were used as substrates for the rat brain enzyme protein carboxylmethyltransferase (PM 11). The objective of these experiments was to ascertain whether the kinetic behavior of the MBP isoforms reflected differences in the structures of this molecular family. Initial velocity plots as a function of the MBP-isoform concentration showed significant differences ( p < 0.05) among the assayed isoforms except for isoforms C2 and C4. Under the conditions of our experiment all the curves exhibited a consistent sigmoidicity. The kinetic data were best fitted by a model, previously described for the enzyme D-/3-hydroxybutyrate dehydrogenase, in which two independent sites must be randomly occupied before any catalytic activity can occur. This mechanism is substantially different from that proposed by other investigators for similar PM I1 enzymes and other substrates. The differences in the rates of isoform carboxylmethylation are largely accounted for by the different apparent dissociation constants K, and is explained on the basis of inherent structural differences among the charge isoforms.
Myelin basic protein (MBP) is one of the major protein components of the CNS myelin membrane. Its purification and chemical characterization from CNS white matter and from myelin of several mammals has been the object of numerous reviews (Dunkley and Carnegie, 1974; Martenson, 1980; Braun, 1984; Campagnoni, 1988) . The ability of MBP to undergo posttranslational modifications, such as phosphorylation (Miyamoto and Kakiuchi, 1974; Martenson et al., 1983; Chan et al., 1987) , deamidation (Deibler et al., 1975; Chou et al., 1976) , glycation (Hitz and Dain, 1988) , and methylation (Paik and Kim, 1968; Jones and Carnegie, 1974; Johnson and Aswad, 1985; Chanderkar et al., 1986; Young and Waickus, 1988 ) is also well documented.
Two types of methylation of the MBP are possible, N-methylation and 0-methylation, catalyzed respectively by protein methyltransferase (PM) I and I1 (EC 2.1.1.23 and EC 2.1.1.77) (Paik and Kim, 1980) . The PM I1 enzyme has been shown to react with proteins in which D-aspartate or L-isoaspartate has selectively replaced certain normal L-aspartyl and L-asparaginyl residues (Clarke, 1985; Aswad and Johnson, 1987) . Also, other structural requirements have been proposed as determinants of a protein's capability to be carboxylmethylated, viz. its degree of folding, its conformation, and its amino acid sequence (Brunauer and Clarke, 1986; Clarke, 1988; Galletti et al., 1988) . The structural requirement for the substrate to be methylated by the enzyme might provide an avenue for evaluating the effect of the posttranslational modifications of the MBP on the structure and folding of the protein. The question of structural organization and folding of MBP has been a topic of considerable controversy. The finding of a hydrophobic region in the molecule was viewed as support for the presence of a small amount of organized structure that was generated by the folding process (Randall and Zand, 1985) . Additional evidence favoring a specific chain folding in MBP was reported by Alvord et al. ( I 986) . The charge
isoforms of MBP comprise differentially phosphorylated, arginine (107) methylated, and glutamine/asparagine deamidated species of the protein that may exhibit differences in structure and folding. Because each of the charge isoforms of bovine MBP can be isolated in sufficient quantity to permit its use in an extended study with the methylating enzymes, it was of interest to determine whether the isofonns exhibited differing propensities for carboxylmethylation.
The carboxylmethylation of MBP has been documented by several laboratories (Johnson and Aswad, 1985; Innami et al., 1986) . Both the cytosolic and membrane-solubilized forms of cerebral PM I1 have been found to be active in this reaction (Sellinger et al., 1987 (Sellinger et al., , 1988 . From a physiologic consideration, both MBP and PM I1 are found in high concentrations in brain, and in vitro studies noted above have demonstrated that MBP is one of the best substrates found to date for this enzyme. Although an in vivo demonstration of MBP methylation has not been reported, its occurrence could be masked by the extreme lability of the ester linkage and its low level of incorporation into MBP.
The present report provides evidence that: (a) all MBP charge isoforms are effective substrates for the cytosolic PM I1 enzyme, (b) the kinetics of carboxylmethylation show significant differences among the MBP isofoms assayed, and (c) the carboxylmethylation of MBP proceeds via a mechanism that differs substantially from that described for the carboxylmethylation of two previously examined proteins (Jamaluddin et al., 1975; Billingsley et al., 1985) .
MATERIALS AND METHODS

Protein purification
PM ZZ. Chou et al. (1976) but modified by us to enable the processing of a larger amount of protein. Typically, 600 mg of MBP extract were dissolved in 25 m1 of a solution containing 6 M urea (ultrapure grade, ICN Biochemicals, Cleveland, OH, U.S.A.) and 0.08 M sodium glycinate, pH adjusted to 9.5. This solution was centrifuged and then loaded (3 ml/min) onto a carboxymethyl cellulose (Whatman CM-52) column, 1.5 X 30 cm, previously equilibrated in a buffer of the same composition as the solution but adjusted to pH 10.5. The column was washed with the equilibration buffer at a flow rate of 6 ml/min until no protein could be detected in the effluent. For elution of the MBP isoforms, a 0-180 mM NaCl linear gradient in 2 M urea and 0.08 Mglycine, pH 10.5, was used. The eluted charge isoforms were identified as fractions Cl-C5 according to their order of elution (Deibler and Martenson, 1972) . The fractions corresponding to each component were pooled, rechromatographed, dialyzed against several changes of distilled water, lyophilized, and stored at -20°C. The purity of each component was checked by urea-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and also by amino acid analysis.
Assay of PM I1 activity
The incubation mixture consisted of I p1 of enzyme solution; 5 p1 (0. I2 mCi) of S-adenosyl-~-[rnethyl-~H]-methionine ([3H]SAM) (68 Ci/mmol, ICN Radiochemicals); 10 pl of 200 mM sodium phosphate buffer, pH 6.4; and variable amounts of MBP charge isoforms dissolved in distilled water (6 m u d ) , in a total volume of 90 pl. No nonradioactive SAM was added to this solution, and the RS enantiomer composition of the radioactive material was not determined. The mixture was incubated at 37°C for I5 min (initial velocity conditions) and the reaction was terminated by the addition of 1 ml of 10% trichloroacetic acid, followed by 0.1 ml of bovine serum albumin (1 mg/ml) as camer. The amount of methyl ester generated was determined by measuring the radioactivity of the [3H]methanol, liberated on mild alkaline hydrolysis and extracted according to the procedure given by Diliberto and Axelrod (1974) .
In an analogous experiment with a different enzyme preparation and unfractionated MBP, at concentrations of 35 and 10 p M , respectively, 0.007 mol of methyl group per mole of protein were incorporated after 1 h of reaction. Under these conditions the maximum amount of methylation was obtained.
Electrophoresis
The assessment of MBP isoform purity utilized urea-SDS-PAGE according to the protocol of Swank and Munkres (1971) . The procedure was modified for our purposes and adapted for use with slabs (140 X 140 X 0.7 mm). Protein solutions (10-30 p g of protein), containing 0.5% SDS (wt/ vol), 10% glycerol (vol/vol), 5% 6-mercaptoethanol (vol/vol), 8 M urea, and 0.0 I M phosphoric acid, were adjusted to pH 6.8 with Tris base. The samples were then incubated at 65°C for 10 min prior to electrophoresis. The slab gel contained 0.1% SDS (wt/vol), 8 M urea, 8% acrylamide (wt/vol), 0.066% ammonium persulfate (wt/vol), and 0.066% N,N,N',N'-tetramethylenediamine (vol/vol). The ratio of bis-acrylamide to acrylamide was 1:38. Buffer reservoir solutions contained 0.1% SDS (wt/vol) plus 0.1 M phosphoric acid adjusted to pH 6.8 with Tris base. Electrophoresis was carried out at room temperature with the direction of protein migration being toward the anode (10 mA, 40 V). Bands were visualized using the ultrasensitive silver stain method reported by Sammons et al. (1 98 1) .
Protein concentrations
The amount of protein was determined according to the method of Lowry et al. ( I 95 1). Bovine serum albumin was used as the standard. For the assay of PM I1 activity the concentration values corresponding to aliquots of the aqueous MBP isoforms dilutions were also corroborated by absorbance determinations at 276 (Liebes et al., 1975) and 220 nm. Triplicate assays were performed in all the cases.
HPLC of the carboxylrnethylated proteins
The HPLC was performed on an LKB system using a gel filtration TSK G3000 SW column (8 X 300 mm). The column
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was equilibrated with 0.1 M Na2HP04/0. 1 M KCl, pH 6.5 buffer. Chromatography runs were carried out at room temperature and the eluting buffer was the same as the equilibrating buffer.
Statistical methods
The comparison of the rates of methylation of the MBP charge isoforms was carried out using a two-way analysis of variance test (ANOVA). The isoforms were compared in pairs, using triplicate values for each MBP concentration. The ANOVA assessment was a part of the commercial statistical computer program Statworks, version 1.2.
RESULTS AND DISCUSSION
The kinetics of the carboxylmethylation of the MBP isoforms was distinctive in that each isoform showed a consistent sigmoid curvature when the velocity of the reaction was plotted against the substrate concentration (Fig. 1) . Although the concentration of the methyl donor was below its reported K, value, the validity for initial velocity conditions was checked by the linearity of velocity versus time plots for the reaction. Analysis of variance of the kinetic data confirmed that significant differences ( p < 0.05) in reaction rates existed among the pairs C1/C3, Cl/C4, Cl/C2, C4/C3, and C2/C3, whereas C1 was found to differ from C5 only at concentrations below 15 pM. The isoforms C2 and C4 did not show any kinetic difference over the range of concentration that was studied. In the figures only the C4 curves are shown to illustrate the data. The observed differences in carboxylmethylation activity can result from differences in the geometry of the individual isoforms or they might arise from differences in the content of modified aspartyl residues present in each isoform. It is also possible that both of these factors contribute to the observed differences in kinetic behavior of the MBP isoforms. At the present time it is not possible to assess the contribution made by each of these factors. Different racemization levels of L-aspartate and L-serine have been reported by Shapira and Chou (1987) for the isoforms C1, C2, and C3. These investigators noted that the C2 isoform had the maximum content of D-aspartate residues. The possibility that the observed kinetic differences could be attributed to the presence of minor impurities or to molecular variants in the isolated isoforms was investigated using urea-SDS-PAGE, with silver staining and by HPLC analysis of the methylation products. The electrophoretic analysis of each of the five charge isoform proteins showed only a single band in each case, which represented more than 99% of the total applied protein. The elution pattern from the HPLC of the methylation reaction mixture using isoform C 1 demonstrated the relationship between methylation, evaluated as methanol associated radioactivity, and the protein profiles. These data provide compelling support for the absence of any protein component with different PM I1 substrate activity. Identical results were obtained for each of the other charge isoforms.
An earlier kinetic study by Jamaluddin et al. (1975) , in which ribonuclease was used as the substrate and PM I1 was from calf thymus, was interpreted as indicating that the reaction involved a sequential rapid equilibrium yielding a random Bi-Bi mechanism in which the rate-limiting step was the interconversion of the ternary complex of enzyme, SAM, and the protein substrate. According to this view, the kinetics should yield rectangular hyperbolic plots when constant amounts of enzyme are titrated as a function of substrate concentration. Such kinetics were not obtained in our system. Instead, sigmoidal curves were obtained which yielded curvilinear double-reciprocal plots (Fig.  2) . We interpret this result as suggesting that either there is positive cooperativity for the binding of the protein substrate, or that the enzyme is required to bind a certain amount of substrate to convert to a catalytically active conformation. Hill plots for the reaction of the enzyme with the different charge isoforms were subjected to a least-squares computer analysis. The curves were biphasic with a slope approximating a value of 1.0 at high substrate concentrations (above K,) and 2.0 at low substrate concentrations (below Km). The failure to achieve a limiting slope of 1.0 at the lowest substrate concentrations compatible with measurements of enzyme kinetics can be viewed as supporting the requirement for the binding of two molecules of substrate protein to the PM I1 enzyme for the catalytic process to become operational.
The alternative possibility, namely the presence of positive cooperativity, was examined by treating the data according to the Hill equation:
(1)
where n is the number of substrate binding sites per molecule of enzyme, and K' is a constant comprising n -1 interaction factors and K,, the intrinsic equilibrium dissociation constant. If the enzyme possesses two strongly cooperative substrate sites, a linear plot should result when the data are plotted as l/u0 against l/[S]'. As seen in Fig. 3 this did not happen. Rather, the best fit to the experimental data was achieved using the following equation:
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The kinetic analysis that results in the above equation was initially proposed by Cortese et al. (1982) to ac- (Fig. 4) . Apparent values of K, and V,,, for all of the MBP isoforms used were obtained from the extrapolated intercept on the abscissa and from the intercept on the ordinate, respectively (Table 1) . The kinetic parameters presented in this table should be regarded as strictly macroscopic in origin. Nevertheless, the probability of methylation at multiple sites with different kinetic constants is considered to be extremely limited because of the substoichiometric methylation that was obtained (0.00 1 mol of methyl groups incorporated per mole of protein). The low level of methylation can be explained on the basis of the low enzymeto-substrate ratio utilized and the limited number of unique Gaspartate and L-iso-aspartate residues present which must, also, be located in favorable regions within the substrate sequence to be susceptible to reaction. It is not possible, at this time, to determine those sites that are amenable to methylation. In addition to the fit of the experimental data to Eq. 2 and the characteristic Hill plots that were obtained, an additional significant factor that appears to favor the two-site binding noncooperative interpretation over the cooperative counterpart is the coordinate for the inflection point in the plot of uo versus [ S ] . The coordinates obtained were uo = 0.11 V,,, and [ S ] = 0.5 K,. These values are identical to the values predicted for a system with two noninteracting essential sites (Segel, 1975) . The analysis of the data obtained in the present study permits several significant conclusions to be drawn. Although the differences in the kinetic parameters for the charge isoforms were never higher than twofold (Table l) , the data from which these parameters were Fig. 4 . In all the cases, the relative errors were lower than 8%. extrapolated ( Fig. 1 ) showed significant differences among most of the isoforms. We believe that these differences support the assignment of specific geometric structures to the MBP isoforms. The subtle variations in geometry can be attributed to the posttranslational modifications of MBP which result in charge modifications of the parent protein.
Although all the MBP isoforms tested in this study were active substrates, some were better than others, and we interpret this as being indicative of tertiary structural variations between isoforms. As noted above, alternative explanations for the kinetic behavior can be invoked. However, based upon recent circular dichroism studies that indicate differences in the structure content of the various charge isoforms, we consider this explanation to have the strongest support (Deibler et al., 1988; M. A. Moscarello, personal communication) .
A second conclusion is that the reaction of PM I1 with MBP adheres to a kinetic format that is different from the kinetics that have been observed for the calf thymus enzyme with other protein substrates (Jamaluddin et al., 1975 (Jamaluddin et al., , 1976 . It may be that similar kinetics would have been observed in these systems had the substrate concentrations been taken to lower values. Although deviations from Michaelis-Menten kinetics for the carboxylmethylation of several protein substrates have been noted by others at concentrations near K, (Aswad and Deight, 1983; Billingsley et al., 1985) , no kinetic explanation of these findings was suggested. Despite the observed deviations, various rearrangements of the Michaelis-Menten equations into linear forms were used to extrapolate K, and V,,, values (Aswad and Deight, 1983 ). Consequently such extrapolations may have yielded incorrect values for these kinetic parameters, especially when the substrate concentrations below K, were specifically excluded in the treatment of the data. Nevertheless, our findings are the first observation of this kind of kinetic behavior for this enzyme.
Lastly, the mechanism of the reaction for PM I1 and MBP appears to be significantly different from that reported for this enzyme with other substrates (Jamaluddin et al., 1975) . Additional studies will be needed to assess the generality of the present findings.
